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bstract
This paper presents the analysis, modelling and simulation of wind-driven self-excited induction generator (SEIG). The three-phase
EIG is driven by a variable-speed prime mover to represent a wind turbine. Also, the paper investigates the dynamic performance
f the SEIG during start-up, increasing or decreasing the load or rotor speed. The value of the excitation capacitance required for
he SEIG is calculated to give suitable saturation level to assure self-excitation and to avoid heavy saturation levels. Matching of
he maximum power available from the wind turbine is performed through varying the load value. The effect of AC–DC power
onversion on the generator is investigated. The system simulation is carried out using MATLAB/SIMULINK toolbox program.
 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Wind energy is one of the major sources of renewable energy. It is non-polluting and economically viable. The wind
urbine generating systems produce electricity at variable wind speed conditions. Also, it is one of the fastest growing
nergy technologies in the world (Mittal et al., 2010).
Many researchers have studied and analyzed the performance of the SEIG as early as the eighties of the 20th century
Murthy et al., 1982; Tandon et al., 1984). Study of the steady state analysis of the SEIG has gained the interest of thePlease cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
uthors in Murthy et al. (1982), Tandon et al. (1984), Khater et al. (1992), Bouchiba et al. (2015), and Sandhu and Jain
2008). In Murthy et al. (1982) and Tandon et al. (1984) a static load was studied while in Khater et al. (1992) a motor
oad has been investigated. The transient performance of a SEIG feeding an induction motor showed that the system
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can operate with careful selection of the excitation capacitors and proper control (Sakkoury et al., 1993). Also parallel
operation of many SEIG with common excitation capacitors is possible (Sakkoury, 1995).
Among the advantages of the SEIG application for remote areas are brushless (squirrel-cage rotor), reduced size,
rugged, absence of DC power supply for excitation as in conventional generators, reduced maintenance cost, self-
short-circuit protection capability and no synchronizing problem (Neam et al., 2006; Seyoum et al., 2003). However,
the induction generator offers poor voltage regulation and its value depends on the prime mover speed, capacitor bank
size and load characteristics (Sandhu and Jain, 2008; Bansal, 2005).
Maximum Power Point Tracking MPPT for the SEIG coupled to a wind turbine and tied to the grid through a
AC-DC-AC converter has been investigated (El-Sousy et al., 2006).
To deliver the power generated from the SEIG to the grid or to domestic or farming loads, first it must be converted
to dc form then into AC via an Inverter. An AC/DC rectifier bridge is used with the SEIG. Many publications have
described the utilization of the DC converters with the SEIG and the possible applications (Wu, 2009; Rodríguez et al.,
2005; Prasad et al., 2008).
This paper presents the dynamic performance of the SEIG driven by a variable speed wind turbine to supply a dc
load. The effect of an uncontrolled AC/DC converter on the SEIG output voltage and current is studied.
2.  System  description
2.1.  Composition  of  wind  generator  system
The wind power generation system studied in this paper is shown in Fig. 1. The wind turbine is coupled to the shaft
of an induction generator (IG) through a gear box. The IG is connected to capacitor banks for self-excitation and an
uncontrolled converter to supply a DC load.
2.2.  Wind  turbine  characteristics
The power output from the turbine depends on the effective wind velocity vw through the blades, the air density ρ,
the blades radius R  and the power coefficient Cp.
Pw =  0.5ρCpAv3w (1)
Eq. (1) describes the output power of a wind turbine Pw. Considering the rotational speed of the wind turbine ωr,
the wind turbine mechanical torque is given by:
Tw =  Pw/ωw (2)
The coefficient of performance of a wind turbine, Cp, is influenced by the tip-speed ratio or λ  it is defined as the
ratio between the linear speed of the tip of the blade with respect to the wind speed.
λ  =  (R  · ωr)/vw (3)Please cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
The main advantage of using SEIG is its ability to generate the electric power over a wide range of speeds. This
enables the wind turbine to run at its maximum Cp for a wide range of wind speeds and extract maximum wind power
available.
Fig. 1. Self-excited IG wind energy conversion system.
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wFig. 2. D–Q model of an induction machine. (a) d-Axis and (b) q-axis.
.3.  Self-excited  induction  generator  modelling
The process of self-excitation in induction machines has been known for many decades. When capacitors are
onnected across the stator terminals of an induction machine, driven by an external prime mover, voltage will be
nduced at its terminals. The induced electromotive force (EMF) and current in the stator windings will continue to
ise until the steady-state condition is reached, influenced by the magnetic saturation of the machine.
Fig. 2 shows a complete d–q-axis model, of the SEIG with load, in the stationary reference frame. Capacitor C is
onnected at the stator terminals for the self-excitation. For convenience, all values are assumed to be referred to the
tator side. The machine parameters are listed in Table A.2.
For no-load condition, rearranging the terms after writing loop equations for Fig. 2, we obtain the following voltage
quations expressed as:
Vds =  rs · ids +  pλds (4)
Vqs =  rs · iqs +  pλqs (5)
Vdr =  rr · idr +  pλdr +  wr · λqr (6)
Vqr =  rr · iqr +  pλqr −  wr · λdr (7)
here, Vqs, Vds, iqs, and ids are the stator voltages and currents, respectively. Vqr, Vdr, iqr, and idr are the rotor voltages
nd currents, respectively. λqr, and λdr are the rotor fluxes. λqs, and λds are the stator fluxes. rs, Lls, rr, and Llr are the
esistance and the self-inductance of the stator and the rotor, respectively.
The expression for electromagnetic torque in terms of the stationary reference variables can be expressed as:
Tem = 32
p
2
(λds · iqs −  λqs ·  ids) (8)
The rotor speed is defined by
pωr = 1
J
p
2
(Tem −  TL) (9)
here, J  is the effective inertia of the wind turbine and the induction generator. TL is the wind turbine output torque.
The terminal voltage of the system is defined by the following equation:
Van =  − 1
∫
ica (10)Please cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
Ca
Vbn =  − 1
Cb
∫
icb (11)
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Fig. 3. Phase voltage for C = 58.5 F with rated wind speed 8 m/s.
Fig. 4. Relationship between capacitance value, rotor speed and generated voltage at no load.Vcn =  − 1
Cc
∫
icc (12)
3.  Dynamic  performance  of  SEIG  without  rectiﬁer
This section presents a computer simulation of The SEIG driven by a variable speed wind turbine. Simulation is
carried out using MATLAB/SIMULINK package.
Simulation software was used to predict the no-load voltage of a three-phase induction generator rotating at rated
speed with appropriate capacitors connected at the stator terminals. Eqs. (10)–(12) describe the output generated
voltages. When capacitors are connected across the stator terminals of an induction machine, driven by an external
prime mover, voltage will be induced at its terminals.
The induced electromotive force (EMF) and current in the stator windings will continue to rise until the steady state
condition is attained, influenced by the magnetic saturation of the machine. At this operating point the voltage and
current will be stabilized at a given peak value and frequency as shown in Fig. 3.Please cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
Please cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
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Fig. 5. Generating the capacitance command to the PI controller.
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Fig. 6. (a) Phase voltage; (b) capacitance; (c) error in case of the PI control (v = 8 m/s).
ARTICLE IN PRESS+ModelJESIT-111; No. of Pages 12
6 K.S. Sakkoury et al. / Journal of Electrical Systems and Information Technology xxx (2016) xxx–xxx
0 5 10 15
-400
-300
-200
-100
0
100
200
300
400
Time
P
ha
se
 v
ol
ta
ge
at speed
6m/s
at speed
7m/s
at speed
8m/s
at speed
9m/s
Fig. 7. Phase voltage for variable wind speed.
Table 1
Capacitor and resistance values versus wind speeds.
V wind Capacitor values (F) Load values ()
5 140 65
6 86 49
7 69 39
8 58.5 34.5
3.1.  Self-excitation  capacitance  effect
The relationship between capacitance, rotor speed and generated voltage at the no load condition is given in Fig. 4.
It can be assumed that point O is the rated voltage in Fig. 4. The rated voltage can be generated using capacitance C2
at rotor speed r2. To generate the same amount of voltage at lower rotor speed, r1, the capacitance increases to C3
and the exciting current can exceed the rating of the stator current of the induction machine. And at higher speed, r3,
the rated voltage can be generated with a small capacitance value C1.
3.2.  Excitation  capacitor  calculations
The correct choice of the excitation capacitor value is essential in setting both the stator voltage and frequency to
their rated values. From the resonance condition, it is obvious that the steady-state voltage depends on the excitation
capacitors, rotating speed, and the load. Therefore, the excitation capacitors should be adjusted to give rated voltage
to frequency ratio for different operating speeds i.e. to keep V/f  constant for different speeds. Control of the excitation
capacitance is produced in Fig. 5.
The system operation is illustrated in Fig. 6. The system starts up at no load at a wind speed of 8 m/s. A starting
capacitor value of 140 F is connected to guarantee voltage build up at the generator terminals. The load is introduced
and the controller starts operation at time t  = 0.6 to change the capacitor value. The system reached steady state at
time t = 4 s. Fig. 6(a) shows the voltage variation during the start-up period, a voltage dip occurred at the instance of
connecting the load. The controller increased the capacitors till the voltage raised again to the designed value. Fig. 6(b)
shows the capacitor variation due to the PI controller action. Fig. 6(c) shows the error signal between (V/f) actual and
reference values.
After running the system at V/f  constant for wind speeds less than the rated wind speed, the final values of thePlease cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
capacitors and loads are produced and listed in Table 1. These values are selected to give rated V/f  for different speeds.
Each selected value shall cover a speed interval as (5.5–6.5 m/s) the operating capacitor value is 86 F and the load
resistance is 49 .
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In Fig. 7 the system starts up at no load at a wind speed of 6 m/s. A starting capacitor value of 300 F is connected
o guarantee voltage build up at the generator terminals. Table 1 is included in the controller loop as a lockup table.
fter running the system at V/f  constant for wind speeds less than the rated wind speed.
.3.  Variation  of  load  and  its  effectPlease cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
For a SEIG, with constant rotor speed, the speed of the rotating magnetic field lags behind the rotor speed. When
he load of the SEIG is increased the magnitude of the negative slip also increases. In this case, as the rotor speed is
he input and is constant, the increase in slip will cause a decrease in the speed of the rotating magnetic field. The
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Fig. 9. Variation of wind speed from 8 m/s to 9 m/s with load resistance R = 34.5 .generated frequency and voltage are proportional to the speed of the rotating magnetic field. For the same capacitance
value a decrease in the speed of the rotating magnetic field will inevitably decrease the generated voltage and its
frequency.
From the results shown in Fig. 8, it can be seen that for the same speed the voltage and frequency of the inductionPlease cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
generator drop with load.
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Fig. 10. SEIG phase voltage.
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.4.  Wind  speed  effect
In this section, the wind speed is suddenly changed from 8 m/s to 9 m/s, while maintaining constant excitation
apacitors and load resistance. The effect of this wind speed rise is higher generator rotor speed in form of step
ariation as in Fig. 9(a). As the wind velocity increases, the mechanical input power from the wind turbine increases.
his results in increased terminal voltage and frequency as shown in Fig. 9(b) and (c).
.  Performance  of  SEIG  connected  to  an  uncontrolled  rectiﬁer
Three phase diode bridge rectifier with wind driven self-excited induction generator is simulated using MAT-
AB/SIMULINK. Three phase diode bridge rectifier is used to convert variable magnitude, variable frequency voltage
t the induction generator terminal into variable output DC voltage.
When the diode rectifier is connected to the generator terminals, the rectifier will generate distorted currents. The
enerated harmonics will be injected into the ac capacitor and the induction generator. This shall result in distorted
utput voltage at the generator terminals as in Fig. 10. The ac load current maps the waveform corresponding to the
ine voltage as in Figs. 11 and 12. Consequently, the ac load current will be injected to the generator. The generatorPlease cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
urrent waveform is flat close to the peaks, unlike a sinusoidal waveform as in Fig. 13. The current distortion leads to
oltage distortion, also harmonic problems shall cause more core losses and hence extra heating of the machine. This
eating due to harmonics means power rating reduction of the generator. Also, the voltage distortion causes problems
Please cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
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Fig. 12. Generated ac load current.
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Fig. 13. Generator current.
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or the control circuits responsible for capacitance and load control. The load current and load voltage of the rectifier
ith resistive load are given in Figs. 14 and 15.
.  Conclusion
The dynamic performance of the SEIG driven by a wind turbine has been studied. The generated voltage of the
EIG always follows the changes of the wind speed. The required excitation capacitors are directly proportional to the
oad and in inverse proportion with the rotational speed. The excitation capacitors are selected to keep the saturation
evel of the magnetic field within the design limits to avoid heavy saturation levels or loss of excitation. The control of
he excitation capacitors was achieved using a PI controller. The excitation capacitors adjusted to give rated voltage to
requency ratio constant for different operating speeds.
The effect of an AC/DC converter on the SEIG is studied. The generated voltage of the SEIG is distorted from the
inusoidal waveform due to the harmonics. The dynamic voltage and load current developed by the rectifier have been
nalyzed. Smoothing capacitor can be connected to remove the ripple from the DC voltage.
ppendix.
The turbine power coefficient is represented by various approximation expressions. In this paper, Cp(λ) is approxi-
ated using a fifth-order polynomial curve fit given by the following equation and it is shown in Fig. A1Please cite this article in press as: Sakkoury, K.S., et al., Analysis of wind driven self-excited induction generator supplying
isolated DC loads. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.003
Cp(λ) =  0.0084948 +  0.051868λ  −  0.022818λ2 +  0.01191λ3 −  0.0017641λ4 +  0.00007484λ5
The parameters of the wind turbine used in this paper are listed in Table A.1.
Table A.1
Wind turbine parameters
The rotor mechanical power [kW] 4.6
The rotor blade radius [m] 3.63
The air density [kg/m3] 1.2
Gear box ratio 24.5
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Fig. A1. Power coefficient versus tip-speed-ratio.
Table A.2
3-phase IG parameters
Pe = 5.5 kW Rs = 0.94 
V = 220 V Rr = 0 .73 
Poles = 2 Ls = 0.0069 H
f = 50 Hz Lr = 0.0069 H
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